We study possible non-standard tuZ and tcZ couplings, which induce flavor-changing neutralcurrent decays of the top quark, in the effective-Lagrangian framework. The corresponding interaction Lagrangian comes from several SU(3) × SU(2) × U(1) invariant dimension-6 effective operators, and it includes four independent complex-number coupling constants. Constraints on those non-standard coupling constants in each interaction are derived by using the present experimental limits of the branching fractions for t → uZ and t → cZ processes. Expected improvements of the constraints at future facilities are discussed as well. It is also pointed out that some correlations hold among those constrained coupling constants.
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Introduction
Exploring rare decays of the top quark through precise measurements at the present and future facilities is quite challenging: Almost all the top quarks decay into the bottom quark and W-boson within the framework of the standard model. In particular, the event probability of t → qZ (q = u/c) processes caused by Flavor-Changing Neutral Current (FCNC) is so tiny there due to the GlashowIliopoulos-Maiani mechanism that it will be totally difficult to observe them even at future higherenergy/higher-luminosity experiments. Thus, once such t → qZ processes are discovered, it must be a strong indication of new physics beyond the standard model. Considering this situation, we recently have performed model-independent analyses of possible tqZ couplings using the effective Lagrangian [1, 2] . Here we would like to present main results of these works.
Analysis
Assuming that there exists some new physics characterized by an energy scale Λ (e.g., the mass of a typical new particle) and all the non-standard particles are heavier than Λ , the effective Lagrangian describing tqZ interactions around the electroweak scale is written as
where g is the SU (2) coupling constant, θ W is the weak mixing angle,
are non-standard coupling constants including Λ (see Ref. [1, 3] for details). These new coupling constants are in general complex numbers independent of each other, and we do not impose any conditions on them from the viewpoint of model-independent study. Thus, our analysis is carried out by varying the eight coupling parameters, i.e., the real and imaginary parts of f L/R 1/2 . The theoretical partial decay width Γ th tqZ is therefore derived as an eight-variable function using the above Lagrangian. On the other hand, we have at present the following experimental information (at 95 % confidence level):
• The total decay width of the top quark
• The upper limits of the branching fractions for t → qZ decays 1
Multiplying the minimum (maximum) value of Γ t by Br(t → uZ/cZ), our input data Γ exe tqZ [GeV] are calculated as follows:
Then, in order to get allowed region of each f L/R 1/2 , a parameter space that satisfies Γ th tqZ < Γ exp tqZ is surveyed by varying the eight coupling parameters at the same time.
Results and Discussion
Current constraints on the non-standard couplings in the tuZ interactions are shown in Table 1 as one of the typical results: Table 1 : Current constraints on the non-standard couplings in the tuZ interactions: those over (under) the dashed lines in the rows denoted as Min. and Max. are the minimum and maximum of the allowed ranges coming from Γ tuZ = 8.1 × 10 −6 (5.9 × 10 −4 ).
Min. 4.7 × 10 −2 4.7 × 10 −2 4.7 × 10 −2 3.9 × 10 −2 3.9 × 10 −2 3.9 × 10 −2 3.9 × 10 −2
All the other current and future expected constraints on the whole coupling parameters are listed in Ref. [1] . Therefore, we here show only those results visually in Figure 1 : The solid (dashed) lines mean the current (expected) allowed ranges for the non-standard couplings in the tuZ and tcZ interactions. The region between the two inside bars on each line is derived using Γ tuZ = 8.1 × 10 −6 (4.1 × 10 −6 ), Γ tcZ = 1.1 × 10 −5 (5.5 × 10 −6 ) and that between the two outside bars is derived using Γ tuZ = 5.9 × 10 −4 (3.0 × 10 −4 ), Γ tcZ = 8.0 × 10 −4 (4.0 × 10 −4 ). From Figure 1 , we can summarize the properties of the constrained coupling-parameters as follows:
• The allowed regions of the non-standard couplings in the tqZ interactions are given as | f
• The non-standard couplings in the tuZ interactions are more strongly restricted than those in the tcZ interactions.
• Both the real and imaginary parts of f
in each of the tuZ and tcZ interactions have the same minimum and maximum limits respectively.
• The allowed regions are expected to be narrowed by about 30% if the branching fractions could be reduced by half at future facilities (e.g., High-Luminosity Large Hadron Collider).
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Current allowed region Expected allowed region In addition to these studies, we also investigated if there is a certain relationship among the constrained couplings. For example, when Re( f L 1 ) is fixed to its maximum value and all the other Table 2 : Allowed minimum and maximum values of the tuZ couplings for Γ tuZ = 8.1 × 10 −6 in the case that Re( f L 1 ) is fixed to 5.5 × 10 −3 which is the allowed maximum value. constants are varied, the allowed regions of the remaining couplings are derived as 
2 ) is substituted in the right-hand side. These correlations hold and work to maximize the allowed regions even if the non-standard couplings except for the negatively correlated two couplings have no allowed regions. We confirmed that the results are common to the tcZ couplings (see Ref. [2] for detail discussions).
Summary
Non-standard couplings defined as f L/R 1/2 in the effective Lagrangian describing FCNC tqZ interactions were studied as model-independently as possible. We firstly derived current and expected constraints on those coupling parameters based on available experimental information, and then using the results we investigated if there exist any relationships among the constrained couplings. It was found that the allowed region could be maximized when there is a specific correlation between Re/Im( f L/R 1/2 ) and Re/Im( f R/L 2/1 ). Since our analyses are fully model independent, the results must be useful information to construct specific models with rather strong FCNC interaction.
